Introduction {#sec1}
============

Diabetic foot (DF) is a common complication of diabetes, and microvascular disease represents the specific lesions that occur [@bib1]; however, the current comprehensive treatment of [@bib2], [@bib3] DF Wagner grade III-V patients is still associated with a 21% amputation rate and some requirements for multiple amputations [@bib4]. In recent years, some domestic scholars investigating bone external fixation technology have expanded the treatment modalities with Chinese elements and evaluated the Ilizarov tibial transverse transport (TTT) treatment for limb ischaemia [@bib5], [@bib6], [@bib7]. However, currently, this technique is not widely used for the treatment of DF.

Our hospital has treated more than 100 patients with refractory Wagner III-V DF with TTT, and the limb salvage effects were remarkable [@bib8]. However, the current basic theory of orthopaedics cannot satisfactorily explain the extraordinary efficacy of TTT in repairing the peculiar effects of diabetes, and relevant indicators need to be evaluated to determine the possible mechanism of microcirculation reconstruction [@bib9].

Currently, there is no gold standard for evaluating microcirculatory function, and multimodality comprehensive evaluation methods are necessary. Computed tomography perfusion (CTP) imaging is a relatively developed, noninvasive, repeatable, quantitative, and semiquantitative functional imaging technique that can effectively assess the blood perfusion status and haemodynamic properties in living tissue. CTP can also reflect the microvascular characteristics of organized tissue [@bib10] to a certain extent.

In this study, CTP was used to evaluate the blood perfusion status before and after TTT. The CTP technique was used to evaluate the curative effect of TTT under the guidance of the tension-stress rules of Ilizarov and provide a theoretical basis for evaluating the curative effect of TTT in DF.

Materials and methods {#sec2}
=====================

Ethical approval {#sec2.1}
----------------

All procedures in studies involving human participants were performed in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Patients {#sec2.2}
--------

Hospitalized patients with severe DF younger than 70 years whose diabetes course was not limited were recruited from December 2015 to February 2017 at the First Affiliated Hospital of Guangxi Medical University and the Affiliated Hospital of Guilin Medical University for orthopaedic surgery. Diabetes was diagnosed by a diabetes specialist and staged by Wagner staging. The diabetes diagnosis was based on the 2005 World Health Organization Diabetes Expert Committee on Diabetes Diagnostic Criteria.

Inclusion criteria {#sec2.3}
------------------

Patients with severe DF (Wagner grade III or above) with TTT surgical indications were assessed for orthopaedic surgery. The patients signed an informed consent before the operation.

Exclusion criteria {#sec2.4}
------------------

The surgical exclusion criteria included any of the following contraindications: (1) recent severe chronic diabetic complications or other stress conditions, such as acute myocardial infarction and cerebrovascular accidents; (2) severe liver dysfunction; (3) severe lung infection, cardiopulmonary dysfunction, poor control, or heart failure; (4) severe hypoproteinaemia or haemoglobin less than 90 g/L; and (5) peripheral arterial lesions in the lower extremity arteries, including lesions to the upper level of the popliteal artery that cannot be recommunicated (preoperative ultrasound examination was performed to exclude these lesions) as clinical data show that such artery occlusion in the knee joint cannot be recanalized, and TTT surgery is not effective.

The CTP exclusion criteria were as follows: (1) branches of the bilateral popliteal artery lesions leading to severe vascular wall sclerosis (perfusion values were not detectable because of severe vascular wall calcification); (2) contrast agent allergies or patients in whom vascular puncture was difficult to perform because of swelling, bleeding, or other adverse reactions; and (3) kidney dysfunction (creatinine clearance (Ccr): 70 ml/min-20 ml/min).

TTT surgical method {#sec2.5}
-------------------

The installation of the bone transfer frame was performed using the following protocol. After anaesthesia, two 2.5-cm arc incisions were performed in the middle of the tibia, and the interval between the two incisions was 3 cm. After the separation of the subcutaneous tissue, two 3.5-cm × 1.5-cm bone windows were created at the two incisions with the principle of a "moving skin window"; a minimally invasive 2-cm perforated osteotomy device, or "日"-type osteotomy to effectively reduce the complications of fracture after osteotomy. A 60 × 4-mm Shashi needle (Double Medical Technology Co., Ltd., Residence: No. 18 Shanbian Hongdong Road, Haicang District, Xiamen City, China, Phone: +86 400-860-2618, [double-medical.com](http://double-medical.com){#intref0015a}) was screwed into each of the two bone windows to remove them. In addition, two 120 × 4-mm external fixation needles were screwed into the distal and proximal ends of the surgical area, the fixation needle and external tibia removal frame were screwed, the nut and connecting rod were adjusted and tightened, the direction and location of the bone removal were marked, skin silk suturing was performed, and the dressing was wrapped and removed [@bib11]. The framework of the external fixation and the basic surgical methods are shown in [Figure 1](#fig1){ref-type="fig"}.Figure 1Flow chart of TTT. TTT = tibial transverse transport.Figure 1

ST measurement method {#sec2.6}
---------------------

The air conditioning temperature was set to 25 °C; the doors, windows, and curtains were closed; and the lower limbs were exposed for 30 min before performing the ST measurement. ST detection was performed with an ST gun to measure the average ST values of the dorsal and plantar areas, the first and fifth heads of the phalanges, and the medial and lateral malleolus points of both feet of patients with DF preoperatively and 8 weeks after surgery.

Test grouping {#sec2.7}
-------------

All diabetic feet were divided into the transport foot (TF) and nontransport foot (NTF) groups according to whether the patients underwent TTT. The two groups were evaluated in preoperative and postoperative comparative studies.

CT scan {#sec2.8}
-------

All patients with DF underwent a double lower extremity CT plain scan and shuttle scanning with a Siemens 64 CT scanner preoperatively and 8 weeks after surgery. All patients with DF signed an informed consent form. Radioprotection, fixation, and other preparatory work were completed.

Double lower extremity CT plain scan {#sec2.9}
------------------------------------

The range included the abdominal aorta from the beginning of the plantar area with a layer thickness of 5 mm, a pitch of 0.6 mm, a voltage of 120 KV, and a current of 35 mAs.

Double lower extremity CT shuttle scanning {#sec2.10}
------------------------------------------

A Siemens Somatom definition Flash scan (Global Siemens Healthcare Headquarters, siemens AG, Healthcare Sector, Imaging and IT Division, Henkestr. 127, 91052 Erlangen, Germany, Phone:+49 9131 84-0, [www.siemens.com/healthcare](http://www.siemens.com/healthcare){#interref0010}) was used with a voltage of 80 kV, a current of 100 mAs [@bib12], [@bib13], a 4D range of 284 mm, a Dynamic 4D shuttle scan dose length product of 1806.7 mGycm, a scan time of 69.53 s, a dynamic scan of 27 phases, and 370 mg/ml iopromide as the contrast agent at a dose of 90 ml. The injection speed was 4.5 ml/s, and the contrast agent was administered with a Nemoto-type high-pressure double-tube syringe (Nemoto Kyorindo Co.,Ltd., 2-27-20, Hongo, Bunkyo-Ku., Tokyo, 113-0033, Japan) in the anterior elbow vein group. The shuttle scan of the lower limbs (from the plantar area to the middle tibial area) was initiated 18 s after the contrast agent injection.

Image analysis {#sec3}
==============

The 27-sequence shuttle scan data were transferred to Siemens VPCT body software (Global Siemens Healthcare Headquarters, siemens AG, Healthcare Sector, Imaging and IT Division, Henkestr. 127, 91052 Erlangen, Germany, Phone:+49 9131 84-0, [www.siemens.com/healthcare](http://www.siemens.com/healthcare){#interref0015}) and postprocessed with Customized Tumor2 (Global Siemens Healthcare Headquarters, siemens AG, Healthcare Sector, Imaging and IT Division, Henkestr. 127, 91052 Erlangen, Germany, Phone:+49 9131 84-0, [www.siemens.com/healthcare](http://www.siemens.com/healthcare){#interref0020}). We used a "Patlak" tracer kinetic model. The perfusion organization threshold was defined in the range of −50 Hu to 150 Hu after the motion artefact correction. We chose the TF posterior tibial artery from a distance of approximately 15 cm to the bifurcation of the plantar medial artery and the lateral plantar artery as the input artery ([Figure 2](#fig2){ref-type="fig"}). We selected the centre of the bilateral medial plantar muscle group on coronal and axial images as the region of interest ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}). A deconvolution approach was applied to evaluate the perfusion parameters, including blood flow (BF), blood volume (BV), mean transit time (MTT), time to peak (TTP), permeability, and maximal intensity projection, of both sides of the plantar tissues, and a corresponding function diagram was obtained based on the targeted blood vessel\'s time--density curve ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}). The patients with DF in this group all had unilateral foot ulcers, and the transport side was the ulcer side. TTT may play a role in both feet; therefore, we first evaluated the difference between the two feet before and after surgery with the relative value as follows: R=(TF perfusion value-NTF perfusion value)/NTF perfusion value.Figure 2Measurement of the length of the target vessel. 2D = two-dimensional.Figure 2Figure 3Map of the medial plantar muscle groups (abductor muscles).Figure 3Figure 4Perfusion ROI in the axial and coronal positions of the bilateral medial plantar muscle group. ROI = region of interest.Figure 4Figure 5Coronal shuttle scanning perfusion images with contrast of the bilateral medial plantar muscle groups (the left picture is postoperative and the right is preoperative). There were differences between the preoperative and postoperative BV and MTT values in the bilateral medial plantar muscle groups, and the postoperative BV in the NTF group was increased compared with the preoperative BV in the same group. BV = blood volume; MTT = mean transit time; NTF = nontransport foot.Figure 5Figure 6Double inside medial plantar muscle group shuttle scanning perfusion contrast on axial imaging (the left picture is postoperative and the right is preoperative). The image is approximately the same as the coronal image.Figure 6

The postprocessing of the CT shuttle scan perfusion data is shown in the following figure:Image 1

Statistical analysis {#sec3.1}
--------------------

All data in the study included measurement variables and were analysed using SPSS Statistics 17.0 statistical software (SPSS Inc., 233 South Wacker Drive, llth Floor, Chicago, IL 60606-6412, Phone:（312）651-3000, Fax:（312）651-3668, [www.spss.com](http://www.spss.com){#intref0015h}). We used P-P figures to test where the data were normally distributed, and paired t tests were used to test for statistically significant differences between the groups; the data are presented as the mean ± standard deviation. A P value \< 0.05 was considered statistically significant.

Results {#sec4}
=======

General characteristics of the patients with DF {#sec4.1}
-----------------------------------------------

In total, 12 patients (10 men and 2 women) were included in this study. The average age was 55 ± 7 years. All patients had unilateral foot ulcers (10 left and 2 right), and 12 patients underwent TTT for the ulcerated foot. Five patients had Wagner\'s grade IV DF ulcers, and 7 patients had Wagner\'s grade III DF ulcers. In 7 patients, the ulcerated area was less than 5 cm × 5 cm, and in 5 patients, the ulcerated area was greater than 5 cm × 5 cm. Eleven patients experienced healing of their DF ulcers, except for 1 patient who developed a fracture after TTT and did not heal.

The ST values preoperatively and eight weeks after surgery among the patients in the TF group were 30.73 ± 1.86 °C and 32.22 ± 1.51 °C, respectively. The ST values preoperatively and eight weeks after surgery among the patients in the NTF group were 30.93 ± 2.65 °C and 32.07 ± 2.09 °C, respectively. There was a significant difference between the preoperative and postoperative data in the TF group (P = 0.001). There was also a significant difference between the preoperative and postoperative data in the NTF group (P = 0.013). See [Table 1](#tbl1){ref-type="table"} for details.Table 1Comparison of the average ST values in the two feet of patients with DF preoperatively and postoperatively (x ± s).Table 1GroupsPreoperative STPostoperative STtpTF group30.73 ± 1.86 °C32.22 ± 1.51 °C−4.6160.001NTF group30.93 ± 2.65 °C32.07 ± 2.09 °C−2.9400.013[^1]

Comparison of the relative values of the perfusion parameters in the medial plantar muscle groups preoperatively and postoperatively {#sec4.2}
------------------------------------------------------------------------------------------------------------------------------------

The preoperative and postoperative values of the relative BV (rBV) were 1.375 ± 1.974 and −0.225 ± 0.491, respectively, and the preoperative and postoperative values of the relative MTT were 0.150 ± 0.653 and −0.555 ± 0.382, respectively. The relative values of the postoperative rBV and relative MTT values were significantly lower than those before surgery and were statistically significantly different (P = 0.027 and P = 0.026, respectively). See [Table 2](#tbl2){ref-type="table"} for details.Table 2Comparison of the relative perfusion parameters of the medial plantar muscle groups preoperatively and postoperatively (x ± s).Table 2Relative perfusion parametersPreoperativelyPostoperativelytprBF1.282 ± 1.5311.542 ± 2.379−0.3420.739rBV1.375 ± 1.974−0.225 ± 0.4912.5840.027rMTT0.150 ± 0.653−0.555 ± 0.3822.6130.026rPMB2.266 ± 2.2760.744 ± 0.4461.8270.098rTTP−0.042 ± 0.294−0.174 ± 0.1271.1480.278rMIP−0.174 ± 0.446−0.237 ± 0.4171.3380.211[^2][^3]

Comparison of the perfusion parameters in the medial plantar muscle groups preoperatively and postoperatively {#sec4.3}
-------------------------------------------------------------------------------------------------------------

### TF group {#sec4.3.1}

The preoperative and postoperative BF values in the TF group were 9.830 ± 5.450 and 37.601 ± 39.844, respectively. The postoperative BF value was significantly higher than the preoperative BF value, and the difference was statistically significant (P = 0.044). However, because the postoperative BF value was statistically discrete (the standard deviation was greater than the mean), we could not use the BF value in the TF group to evaluate the perfusion changes before and after TTT.

The postoperative BV value (1.997 ± 1.898) was higher than the preoperative BV value (1.426 ± 1.155), but the difference was not statistically significant (P = 0.247). See [Table 3](#tbl3){ref-type="table"} for details.Table 3Comparison of the perfusion parameters of the medial plantar muscle groups preoperatively and postoperatively (x ± s).Table 3GroupsPerfusion parametersPreoperativelyPostoperativelytpTF groupBF9.830 ± 5.45037.601 ± 39.844−2.3060.044BV1.426 ± 1.1551.997 ± 1.898−1.2310.247MTT11.454 ± 10.4064.532 ± 3.4182.0870.063PMB2.524 ± 1.8634.395 ± 4.370−1.4500.178MIP69.904 ± 38.95563.524 ± 39.6271.4680.173TTP27.721 ± 9.40225.392 ± 5.8220.7630.463NTF groupBF5.881 ± 3.99822.221 ± 22.394−2.7420.021BV0.956 ± 0.5612.770 ± 1.561−3.4430.006MTT9.590 ± 10.59011.923 ± 8.153−0.5700.581PMB0.859 ± 0.5633.661 ± 5.787−1.6400.132MIP86.611 ± 10.76386.558 ± 13.7950.0120.990TTP28.547 ± 9.30829.975 ± 3.767−0.5100.622[^4][^5]

### NTF group {#sec4.3.2}

The preoperative and postoperative BF values in the NTF group were 5.881 ± 3.998 and 22.221 ± 22.394, respectively, and the preoperative and postoperative rBV values were 0.956 ± 0.561 and 2.770 ± 1.561, respectively. The postoperative BF and BV values were significantly higher than the preoperative values, and the differences were statistically significant (P = 0.021 and P = 0.006, respectively). Therefore, we could use the BV value in the NTF group to evaluate the perfusion changes before and after TTT but could not use the BF value in the NTF group because the postoperative BF value was statistically discrete. See [Table 3](#tbl3){ref-type="table"} for details.

Discussion {#sec5}
==========

VPCT body perfusion measurement software has been widely and fully used in mature applications, such as in pancreatic organs [@bib14], [@bib15], [@bib16], [@bib17]. In this study, Siemens VPCT body perfusion software was also used for lower limb CTP. Owing to the complex settings of the lower limb CTP parameters, long scanning time, and relatively difficult data collection, clinical applications and scientific research are rare. In this study, our perfusion data were consistent with the clinical symptoms and signs, confirming the credibility of the lower limb CTP.

Characteristics and significance of perfusion of the medial plantar muscle groups before and after TTT {#sec5.1}
------------------------------------------------------------------------------------------------------

### Skin temperature {#sec5.1.1}

ST is closely related to the microcirculatory perfusion involved in BF and tissue metabolism [@bib18], [@bib19]. The preoperative ST in the TF group was significantly lower than that in the NTF group, and the postoperative ST in the TF group was higher than the preoperative ST in the same group. These two sets of data were statistically significant. This result indicates that the preoperative BF in the TF group was lower than that in the NTF group and that TTT could effectively improve perfusion as assessed by BF.

### Blood flow {#sec5.1.2}

BF is measured by BV in blood vessels per unit time and is directly related to the body\'s BV, tissue oxygen consumption, and the patency of venous and lymphatic drainage. In this study, in both the NTF and TF groups, the postoperative BF value of the plantar medial muscle groups was significantly higher than the preoperative BF value of these muscle groups, and both groups demonstrated significant differences. The variance in the BF value between the two groups was greater than the mean; thus, the data were discrete, and the rBF was statistically meaningless; therefore, BF could not be used to evaluate the curative effect of TTT.

### Blood volume {#sec5.1.3}

BV is the volume of blood in tissue and blood vessels, reflects the microcirculation of tissues, and includes the size and number of functional capillaries. In this study, the postoperative BV value in the NTF group was higher than the preoperative BV value in the same group, and this difference was statistically significant ([Table 3](#tbl3){ref-type="table"}). The comparison of the preoperative and postoperative rBV values was statistically significant. These results show that BV is an effective perfusion index in evaluating TTT because TTT could increase the perfusion capacity of the plantar tissues and may increase the opening of functional capillaries.

In this study, the reasons for the increase in the BF and BV values after the TTT surgery were first considered to be related to the increase in or recanalization of blood vessels caused by the surgery and the improvement in microcirculation. Second, the disappearance of ulcer foot oedema after the TTT surgery was considered, and the measured BF and BV values were changed. According to the literature, the BF and BV values in volume perfusion computed tomography (VPCT) examinations of pancreatic inflammatory oedema tissue are decreased compared with those in normal tissue [@bib15], [@bib16], [@bib17].

### Possible mechanism {#sec5.1.4}

In our study, 12 cases of severe DF ulcers were healed after surgery, the skin temperature of both feet was higher than that before surgery, and the postoperative perfusion of both feet was higher than that before surgery. To some extent, the perfusion energy is known to reflect the characteristics of microcirculation and blood oxygen content [@bib14], [@bib20]. However, there was a typical case in which the bottom of the left transport foot showed a new small blood vessel after surgery (see [Figure 7](#fig7){ref-type="fig"}). Microcirculation angiogenesis and recanalization after TTT and changes in blood vessels have been suggested to directly lead to physiological changes, especially in perfusion BV [@bib20]. Thus, microcirculation can be improved, limb blood supply can be restored, sufficient oxygen and nutrition supplies can be guaranteed, and ulcer wound healing or regeneration and repair can be promoted. The relationship between tension pressure conduction regulation and microcirculation reconstruction was considered. This relationship is consistent with the idea of the tension-stress law proposed by Birch [@bib21]. Interestingly, in our study, the postoperative perfusion BF and BV values and the increase in skin temperature were bilateral, and the measurements were performed only on the side of the foot ulcer. We speculate that the following reasons could explain this result. On the one hand, diabetes is a systemic disease. The healing of a severe DF ulcer on one side and the improvement of limb microcirculation may have an impact on the whole body. On the other hand, some scholars believe that distraction osteogenesis technology has currently entered the stage of distraction histogenesis [@bib22], [@bib23]. The transport can stimulate the regeneration of the periosteum and tibial marrow [@bib24]. Bone formation during distraction osteogenesis is accompanied by a robust induction of factors associated with angiogenesis [@bib25]. If the ulcer surface does not heal but tissue regeneration occurs, the Ilizarov "tension-stress law" biological theory hypothesis [@bib22] has very good rationality, that is, "biological tissues under a sustained, stable, and slow pull can stimulate cell division and generate tissues, which can repair various body defects". This hypothesis needs to be further studied in animal experiments.Figure 7The bottom of the left transport foot showing a new small blood vessel after surgery (the left picture is postoperative and the right is preoperative).Figure 7

Our study had some limitations. First, some additional radiation exposure was inevitable. We minimized this exposure by using the lowest tube voltage and tube setting (80 kV and 100 mAs, respectively) that still provides adequate image quality for perfusion maps. The estimated effective radiation dose in our perfusion series was approximately 0.90335 mSv, which is lower than the annual public radiation dose of 1.0 mSv. Second, the number of cases in our study was small because case collection was relatively difficult as CTP tests were required to exclude severe diabetic feet with impaired renal function. Third, the contrast agent should be heated to body temperature to maximally ensure the accuracy of the perfusion measurement.
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[^1]: NTF = nontransport foot; ST = skin temperature; TF = transport foot.

[^2]: rPMB = relative permeability; rBF = relative blood flow; rBV = relative blood volume; rMIP = relative maximal intensity projection; rMTT = relative mean transit time; rTTP = relative time to peak.

[^3]: Each relative perfusion parameter value, including the rBF, rBV, rMTT, rPMB, rMIP, and rTTP, had a ratio of 1.

[^4]: BF = blood flow; BV = blood volume; MIP = maximal intensity projection; MTT = mean transit time; NTF = nontransport foot; PMB = permeability; TF = transport foot; TTP = time to peak.

[^5]: The units of the perfusion parameters were as follows: BF, ml/100 ml/min; BV, ml/100 ml; MTT, s; PMB, ml/100 ml/min; MIP, HU; and TTP, s.
